The removal of the neural tube in salamander embryos allows the development of nerve-free aneurogenic limbs. Limb regeneration is normally nerve-dependent, but the aneurogenic limb regenerates without nerves and becomes nerve-dependent after innervation. The molecular basis for these tissue interactions is unclear. Anterior Gradient (AG) protein, previously shown to rescue regeneration of denervated limbs and to act as a growth factor for cultured limb blastemal cells, is expressed throughout the larval limb epidermis and is down-regulated by innervation. In an aneurogenic limb, the level of AG protein remains high in the epidermis throughout development and regeneration, but decreases after innervation following transplantation to a normal host. Aneurogenic epidermis also shows a fivefold difference in secretory gland cells, which express AG protein. The persistently high expression of AG in the epithelial cells of an aneurogenic limb ensures that regeneration is independent of the nerve. These findings provide an explanation for this classical problem, and identify regulation of the epidermal niche by innervation as a distinctive developmental mechanism that initiates the nerve dependence of limb regeneration. The absence of this regulation during anuran limb development might suggest that it evolved in relation to limb regeneration.
axolotl | newt | parabiosis L imb regeneration in salamanders proceeds by formation of the limb blastema, a growth zone of mesenchymal progenitor cells apposed by a specialized wound epithelium. The peripheral nerve branches are transected during amputation and, as in all vertebrates, the axons regenerate in association with ensheathing Schwann cells (1, 2) . Regeneration of the salamander limb is absolutely dependent on concomitant nerve regeneration, and is abrogated by transecting the axons at the level of the plexus supplying the limb, an operation referred to as denervation (3) . The events of wound healing and generation of blastemal cells are both apparently unaffected by prior denervation, but the subsequent proliferation of the blastemal cells is severely curtailed (4) (5) (6) . The critical role of the regenerating nerve supply can also be demonstrated in contexts that do not depend on prior amputation of a limb (7) . For example, in the axolotl accessory limb model, the deflection of a major peripheral nerve into the flank of an animal carrying an appropriate skin graft at that location leads to outgrowth of a supernumerary limb (8) . The regenerating axons and the wound epithelium are key accessory "niche" tissues for the blastemal cells, and the interplay between these two tissues is a critical feature of regeneration (9, 10) . Classical studies on the newt limb showed that the requirement for an adequate density of regenerating axons could be met by either sensory or motor nerves (11) , and neither nerve impulses nor transmitter release were necessary (12) . Nerve dependence is therefore an unconventional property that does not conform to familiar ideas of nerve cell specificity or function. It is observed in other contexts of regeneration such as the fish fin and barbel (13) , the starfish arm (14) , and the primary body axis in polychaete worms (15) . It is possible that nerve dependence of regeneration may have evolved in different animals as a mechanism to ensure that the regenerate will become functionally innervated (16) .
The phenomena underlying nerve dependence of salamander limb regeneration offer a striking example of how the development of a structure can determine the mechanism of regeneration. It is possible to remove a large section of the neural tube from a salamander embryo before the limb bud develops (17) . The limb develops normally without innervation, although skeletal muscle is missing from later stages (18) . Other innervated structures such as the lateral line (19) or mechanosensory Merkel cells (20) also develop normally in an aneurogenic larva. The aneurogenic limb (ANL) regenerates in the absence of the nerve (21), a property that has been repeatedly verified (22) (23) (24) , thus providing a paradoxical exception to nerve dependence. If an ANL is transplanted in place of the forelimb of a normal larva, the brachial nerves grow into the transplant and establish connections. This leads to an abrupt transition from nerve independence to dependence, such that an ANL that becomes innervated will now not regenerate after denervation (25) . When nerves grow into the limb bud or into the ANL at a later stage of development, they apparently abrogate the mechanism for regeneration that is seen in the ANL, thus establishing a state of nerve dependence that persists through the remainder of larval development and adulthood. One interesting insight into the mechanism at a tissue level is that substitution of normal limb epidermis for the ANL epidermis prevents regeneration, but a "collar" of aneurogenic epidermis will rescue such a limb as long as the wound epithelium is derived from it after amputation (24) . Although these observations point to the epidermis as an important target for nerve-dependent regulation, it is clear that resolution of these issues depends on the understanding of nerve dependence at a cellular and molecular level.
We have recently identified the newt Anterior Gradient protein (nAG) as a strong candidate to mediate the nerve dependence of limb regeneration (26) . nAG was identified as a binding partner for the surface protein Prod 1 (27) . AG proteins contain a thioredoxin-fold and an N-terminal signal sequence that can lead to secretion. They are widely expressed in secretory epithelia, and homozygous mutant mice are defective in mucous secretion and lack goblet cells (28, 29) . They are also implicated in several examples of mammalian adenocarcinoma (30) (31) (32) . Data deposition: The sequence reported in this paper has been deposited in the GenBank database (accession no. HQ676606). The activity of human AGR2 protein on lung adenocarcinoma cells in culture depends on stimulation of amphiregulin expression by activation of the Hippo signaling pathway coactivator YAP1 (33) . When the axons regenerate after amputation of the newt limb, the nAG protein is up-regulated first in the Schwann cells of the distal nerve sheath and then in gland cells underlying the wound epidermis (26) . AG proteins were first identified in the context of the Xenopus cement gland (34) , and ectopic expression of the Xenopus molecule was shown to induce the formation of a gland as well as being expressed by it (35) . In newts, the glands underlying the wound epithelium apparently discharge into the blastema by a holocrine mechanism, and nAG is expressed in their secretory granules as detected by immunoelectron microscopy (36) . In a denervated newt blastema, nAG is not expressed by the Schwann cells and the glands do not form in the wound epithelium. If the protein is expressed by electroporation of a plasmid into the distal stump, this induces the appearance of the nAG-positive glands and, more strikingly, rescues the denervated blastema so that it completes the proximodistal axis and forms digits. This activity of the protein is probably exerted directly on the blastemal cells, because cultured newt blastemal cells respond to the secreted recombinant protein by entering S phase (26) . These observations make it important to investigate the expression of the AG protein in normal limb development and in the ANL. This may provide insights into the developmental mechanisms discussed above. Our results provide a coherent explanation for the ANL and attendant phenomena, in addition to strongly supporting the relevance of AG to nerve dependence.
Results
Aneurogenic larvae of the spotted salamander Ambystoma maculatum were generated by parabiosis followed by removal of the neural tube in one member of the pair. After further development, this yielded one aneurogenic and one paired normal limb (Fig. 1A) . In this rapidly developing species it is also possible to generate ANL by removal of the neural tube without parabiosis, as noted in earlier work (23, 24) (Fig. 1B) . The degree of limb innervation was evaluated by staining sections with antibody to acetylated tubulin. Normal limbs showed dense cutaneous innervation (Fig. 1C) , whereas nerve staining was either residual or absent in ANL (Fig. 1D) .
Aneurogenic larvae were significantly easier to derive and maintain in A. maculatum compared with the axolotl or the newt Pleurodeles waltl used earlier (22) . We therefore isolated cDNA clones encoding mAG ( Fig. 2A) , the A. maculatum ortholog of nAG (newt) and aAG (axolotl). The peptide corresponding to residues 132-145 in nAG, which differs by only one residue in mAG ( Fig. 2A) , was used previously to generate affinity-purified antibodies (26, 36) , and this reagent, named 224, reacted satisfactorily with mAG. After transfection of Cos 7 cells with a plasmid expressing mAG, an immunoreactive band of ∼18 kDa was detected in the cell lysate and conditioned medium (Fig. 2B , lanes 2 and 5) but not in untransfected cells (Fig. 2B, lanes 1 and  4) . The 224 antibody reacted specifically with sections of A. maculatum tissue, including the intestinal epithelium, where it reacted with goblet cells (Fig. 2C) . The recombinant nAG protein was shown previously to stimulate S-phase entry in primary cultures of dissociated newt limb blastemal cells (26) . Cos 7 cells were transfected with mAG or GFP plasmids and the conditioned media were concentrated and assayed in parallel on cultured newt blastemal cells. The mAG-transfected medium gave a significant stimulation of S-phase labeling compared with GFPtransfected or the background of control medium (Fig. 2D) .
Down-Regulation of mAG Expression After Innervation. The level of expression of mAG protein in sections of larval limbs was analyzed by indirect immunofluorescence. At stage 46, the forelimb has formed digits and the level of expression in the epidermis is low (Fig. 3A) ; this was essentially unchanged after denervation of the limb (Fig. 3B) . In contrast, the ANL at stage 46 showed strong epidermal expression (Fig. 3C) . This difference in AG expression between the normal and aneurogenic epidermis was accompanied by a difference in the incidence of secretory gland cells. These cells were readily visualized in the aneurogenic epidermis by transmission electron microscopy ( Fig. 3D) , and they expressed mAG as evidenced by specific staining of the endoplasmic reticulum with gold-labeled antibodies (Fig. 3E) . They appear to be equivalent to the secretory Leydig cells described in the axolotl and other salamanders (36) (37) (38) . These gland cells make up over 10% of the cells in the aneurogenic epidermis, and this was fivefold less in the normal epidermis (Fig. 3F) .
We propose that the arrival of the nerve in normal limb development leads to down-regulation of the expression of mAG and decreases the number of gland cells that express this protein.
Expression was readily detected in sections of the larval epidermis from stage 34 onward, and cells of a secretory nature with large dense vacuoles were also present. The normal and aneurogenic epidermis showed comparable intensity of staining at stage 38, when the innervation has just arrived at the limb (Fig. 3  G-I ). At stage 40 (Fig. 3J) , the normal limb epidermis showed decreased staining compared with the aneurogenic case ( Fig. 3 K  and L) , and nerve staining of the same sections showed the presence of adjacent nerve branches in the mesenchyme of the normal but not the aneurogenic limb (Fig. 3 M and N) .
The expression of mAG in the epidermis is apparently downregulated during the interval of stages 38-41 in normal development. This could be due to an effect of innervation on the differentiated state of epithelial cells, as well as an effect exerted on dividing progenitor cells. To investigate the cell cycling in the limb, both normal and aneurogenic larvae at stage 40 were labeled for 8 h by injection of BrdU. The sections of normal and aneurogenic limb bud showed labeled nuclei in the mesenchyme and epidermis (Fig. 3 O and P) . In both cases, ∼30% of the nuclei in the epidermis were labeled, raising the possibility that there is considerable cell generation at this stage. It is possible that cells could be lost by apoptosis, but TUNEL staining of the epidermis at relevant stages revealed no examples of apoptosis in either normal or aneurogenic cases, except for a few examples of secretory gland cells possibly at the end of their holocrine cycle (Fig. 3 Q and R and Fig. S1 ). Apoptosis was so rarely observed that we reject the hypothesis that it plays any role in the difference in mAG expression between normal and aneurogenic epidermis.
Interestingly, the down-regulation of AG expression after innervation is not seen in limb development of the anuran Xenopus (Fig. S2) . It is unlikely that this relates to the failure of limb regeneration in Xenopus, which occurs in a proximal-to-distal direction beginning at stage 53 (39) . We observed that the downregulation of AG expression does not begin, even in proximal regions, until the prometamorphic stages 58-59 (Fig. S2 A-C) .
Down-Regulation of mAG After Innervation of the Aneurogenic Limb.
It was shown previously that transplantation of an aneurogenic limb to the flank of a normal larva leads to functional innervation by the host and establishment of nerve dependence for regeneration (25) . To investigate the effect of innervation on mAG expression, a group of bilateral aneurogenic larvae was derived as described earlier (Fig. 1B) . The left ANL was transplanted at stage 45 (when mAG expression in the epidermis is high) to the flanks of host larvae in place of the host left limb (Fig. 4 A and  B) . The level of mAG expression in the epidermis and the degree of innervation were analyzed at 17 or 30 d after transplantation, and in each case were compared with the nontransplanted right limb from the donor aneurogenic larva. In this pairwise comparison of nine samples, seven of the transplanted limbs showed clear down-regulation of mAG in the epidermis. A representative comparison from the 17-d series is shown in Fig. 4 C-F. The right limb shows strong expression of mAG in the epidermis (Fig.  4C ) with no detectable nerve staining (Fig. 4D) , whereas its transplanted counterpart shows diminished mAG expression (Fig. 4E ) and clear evidence of innervation (Fig. 4F) . Downregulation of mAG was essentially complete by 30 d after transplantation, particularly in locations of high-density innervation (Fig. S3 A-D) . We conclude that the expression of mAG in the aneurogenic epidermis can be reversed by innervation. This would be consistent with the correlation of nerve-dependent regeneration with a state of diminished epidermal expression.
Regeneration of Normal and Aneurogenic Limbs. At early stages of regeneration, the aneurogenic blastema presents a different appearance from the normal blastema. This distinction is illustrated by staining sections of a normal (Fig. 5A ) and an aneurogenic blastema (Fig. 5B) at 3 d postamputation. The normal limb is negative for expression in the wound epithelium and normal epidermis, with the exception of two glands (arrows) proximal to the amputation plane. Two branches of peripheral nerve are identified with antitubulin staining (Fig. 5A Inset) and are positive for mAG expression as reported for nerves in the early newt blastema (26, 36) . The ANL has a positively stained epidermis and a strongly positive wound epithelium with gland cells (arrows). The wound epidermis and the mesenchymal blastema also appear different in transmission electron micrographs of normal (Fig. 5C ) and aneurogenic blastemas (Fig. 5D ). This analysis was also performed on normal and aneurogenic blastemas from parabiotic pairs, and an example is shown in Fig.  S4 . The normal and aneurogenic blastemas converge in their appearance during regeneration such that after 10 d postamputation they are essentially indistinguishable.
Discussion
The mAG protein has comparable activity to nAG when assayed on cultured newt blastemal cells and, given its orthology to nAG and expression during regeneration, we conclude that it is able to mediate nerve dependence. The expression of mAG in the limb epidermis is markedly down-regulated by innervation. This switch is detectable both during normal development of the A. maculatum limb bud and after transplantation of an ANL to a normal larva. During development, this is accompanied by a fivefold decrease in the incidence of gland cells in the epidermis. In view of the demonstrated ability of nAG to induce glands in the denervated newt blastema (26) , as well as the earlier work on induction of the Xenopus cement gland (35) , it is likely that the effect on the glands is a secondary consequence of the drop in mAG expression induced by the nerve rather than a direct effect of innervation on the glands. The consequence for the salamander limb is that the normal level in the epidermis, and in the wound epithelium derived from it, is sufficiently low that regeneration depends on axons to prime AG expression in the Schwann cells and then, by a relay mechanism, in the gland cells underneath or in the wound epithelium (36) . It is noteworthy that nerves are able to up-regulate AG in Schwann cells during regeneration in newt (26) , axolotl (36) , and A. maculatum but down-regulate AG in the epidermal end-organ cells during development. In the ANL epidermis and wound epithelium the expression is sufficiently high that regeneration proceeds in the absence of the nerve, and is different in appearance from regeneration in a normal limb at early stages (Fig. 5) , an observation that is absent from the earlier work on the ANL. This view provides an explanation for the finding that transplantation of normal but not aneurogenic epidermis to an ANL prevents regeneration (24). It is not possible for technical reasons to test the reciprocal combination of an aneurogenic epidermis on a normal denervated larval limb. It is interesting that limb development proceeds normally with either relatively high levels of AG in the ANL epidermis or with lower levels in the innervated case. By contrast, limb regeneration is dependent on an elevated level of AG to sustain proliferation. These considerations might suggest that the regulation of cell division is different in limb bud cells and limb blastemal cells.
The down-regulation of mAG by innervation appears to fulfill the dual role of abrogating the mechanism seen in the ANL, as well as establishing nerve dependence. Although positive effects of nerves on their targets are more familiar, there are well-established negative effects on gene expression, such as the effect of motor neurons on AChR gene expression in skeletal muscle (40) as well as effects of postmitotic neurons on the proliferation of neuronal precursor cells (41) . Neuronal modulation of gene expression is generally reversible, and hence it is noteworthy that the effect on mAG expression in the epidermis is not reversed by denervation (Fig. 3B) . This reflects the action of the nerve in "imprinting" the limb to a permanent state of nerve dependence for regeneration. In view of the demonstrated cellular turnover of the epidermis, it seems possible that this effect is exerted on the basal stem cell compartment rather than just the differentiated keratinocytes. The effect of the nerve is apparently not mediated by changing either S-phase labeling or apoptosis in the epidermis. We favor the hypothesis that the nerve inhibits differentiation of the AG-expressing lineage. It remains to be determined whether the action of the nerve depends on contact with the epidermal and gland cells or on the release of a secreted molecule.
Our results on Xenopus limb development might suggest that the down-regulation of mAG expression seen at stages 39-41 of A. maculatum is not a general feature of vertebrate limb development but evolved in relation to the establishment of nerve dependence, although more examples need to be analyzed before this can be concluded. We have argued elsewhere from evidence of molecular phylogeny that limb regeneration is not a purely ancestral mechanism and that certain aspects such as nerve dependence may have evolved in salamanders (42) (43) (44) . The ANL raises a more general issue about causal inference in the analysis of cell-cell interactions. If the ANL had been analyzed without reference to the consequences of denervation, it would have been concluded that limb regeneration is independent of the nerve. The possibility of developmental or long-term modulatory effects by one cell type that are required to establish cellular interdependence with another should always be considered.
Materials and Methods
Animals. Embryos of the spotted salamander (Ambystoma maculatum) were used in this study. The animal maintenance and microsurgical methods are described in SI Materials and Methods.
For information on histological methods, immunoelectron microscopy, immunofluorescence, RT-PCR, cell-cycle reentry assay, TUNEL assay, and blastemal cell assay, see SI Materials and Methods.
